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ABSTRACT: Although the topography of van de Waals
(vdW) layers and heterostructures can be imaged by
scanning probe microscopy, high-frequency interface
elastic properties are more diﬃcult to assess. These can
inﬂuence the stability, reliability, and performance of
electronic devices that require uniform layers and
interfaces. Here, we use picosecond ultrasonics to image
these properties in vdW layers and heterostructures based
on well-known exfoliable materials, i.e., InSe, hBN, and
graphene. We reveal a strong, uniform elastic coupling
between vdW layers over a wide range of frequencies of up
to tens of gigahertz (GHz) and in-plane areas of 100 μm2. In contrast, the vdW layers can be weakly coupled to their
supporting substrate, behaving eﬀectively as free-standing membranes. Our data and analysis demonstrate that
picosecond ultrasonics oﬀers opportunities to probe the high-frequency elastic coupling of vdW nanolayers and image
both “perfect” and “broken” interfaces between diﬀerent materials over a wide frequency range, as required for future
scientiﬁc and technological developments.
KEYWORDS: elastic interface coupling, van der Waals nanolayers, picosecond ultrasonics, phonon imaging, coherent phonons,
pump−probe technique
Two-dimensional (2D) van der Waals (vdW) layers andheterostructures have received considerable interestdue to their versatile electronic, optical, and elastic
properties for a wide range of potential applications.1−4 In
these crystals, the atoms in each vdW layer are bound together
by strong covalent bonds, whereas the layers are coupled by
weak vdW forces. This strong anisotropy of interatomic forces
makes possible the use of a simple exfoliation-based fabrication
method to realize vdW ﬂakes as thin as one layer.5−9 In
particular, large-area (>10 cm2) layers can now be fabricated
by exploiting the adhesion properties of diﬀerent materials.10
Despite considerable progress in the growth of 2D vdW
crystals and heterostructures,11−14 the exfoliation-based
fabrication method remains the most common approach to
the fabrication of high-quality vdW nanolayers and hetero-
structures. However, it also presents some drawbacks due to
random lateral size and thickness of the layers and the limited
control of the quality of the interface between the layers.
A crucial requirement in the fabrication of 2D structures is
their in-plane spatial homogeneity. This can be inﬂuenced not
only by the uniformity of the individual layers but also by their
adhesion to the substrate and/or another vdW layer. The
interface between two materials can be considered ideal when
the two contacting surfaces are atomically ﬂat and,
correspondingly, the force between the neighboring layers is
homogeneous in the plane. In reality, the interface between
two vdW layers or between a vdW layer and its supporting
substrate is not elastically perfect. The strength of elastic
interaction at the interface depends on the interlayer distance,
which may vary in the layer plane due to defects and/or surface
roughness. Also, molecular species (adsorbed water, hydro-
carbons, etc.) in the air between a 2D crystal and a substrate
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can induce the formation of bubbles with a morphology
determined by the vdW attraction of the layer to the substrate
and the elastic energy needed to deform it. For example, stiﬀ
2D crystals, such as graphene or monolayer hexagonal boron
nitride (hBN), tend to form small, low-density bubbles and
large (up to 100 μm2) areas with an ideal vdW interface.15
Microscopy techniques, such as atomic force microscopy
(AFM), scanning electron (SEM) and transmission electron
microscopy (TEM), can probe the topography of surfaces and
inhomogeneities across an interface with atomic resolution.
Also, optical techniques, such as photoluminescence, photo-
conductivity, and Raman scattering can reveal electronic,
vibrational, and optical properties with sub-micrometer spatial
resolution. In particular, Raman scattering has been used to
probe the interlayer coupling in vdW heterostructures16,17 and
to image lateral spatial inhomogeneities.18 However, the elastic
properties at high frequencies are generally diﬃcult to probe.
This can inﬂuence the stability, reliability and performance of
electronic devices that require uniform layers and control over
the charge and out-of-plane phonon transport across interfaces.
For these studies picosecond ultrasonic imaging is ideally suited.
Due to the high frequency (up to ∼1 THz) and corresponding
nanometer wavelength of phonons generated by fast laser
pulses, a high depth (∼0.1 nm)19,20 and lateral (down to about
100 nm) resolution19,21−23 can be achieved. Previous studies
have demonstrated its successful use to image various
distributed inhomogeneities inside solids, polycrystalline
materials, and vegetable and animal cells.24−27 Imaging the
adhesion between diﬀerent layers inside a computer chip by
monitoring the reﬂection amplitude of the picosecond acoustic
echoes was ﬁrst developed for the microelectronic industry28
and more recently used to study the adhesion of biological
cells.29 The adhesion between particles also inﬂuences the
vibrations and elasticity of nanoparticle supercrystals and
colloids,30−34 while the adhesion of a ﬁlm/particle to the
substrate inﬂuences their resonant acoustic oscillations.35−40
Thus, the imaging of the adhesion of a ﬁlm to the substrate
could be conducted by measuring the parameters of the local
resonant vibrations of the ﬁlm.
Here, we demonstrate that picosecond ultrasonics oﬀers
opportunities to image the elastic coupling between vdW layers
or a vdW layer and its supporting substrate, as required for the
fabrication of new functional systems with precise control of
interfacial properties. We reveal a strong, uniform elastic
coupling between vdW layers over a wide range of frequencies
of up to tens of gigahertz (GHz) and in-plane areas of 100
μm2. Also, we identify extended (∼10 μm2) regions of
“broken” interfaces corresponding to vdW layers and
heterostructures weakly coupled to the substrate and behaving
as free-standing membranes over a wide range of frequencies of
up to 60 GHz with a quality factor Q ≈ 10. Our data rely on
the generation and detection of acoustic phonon resonances in
high-quality samples and the analysis of the out-of-plane
phonon transport and phonon resonances by elastic equa-
tions.39
RESULTS AND DISCUSSION
Our studies focus on InSe vdW layers and InSe-based
heterostructures. The InSe vdW crystal has attracted
considerable interest due to the wide tunability of its optical
spectrum by the layer thickness,41,42 high electron mobility in
2D ﬁeld eﬀect transistors (FETs),43,44 and high photo-
responsivity.45−47 Here, we make picosecond ultrasonic
imaging of diﬀerent InSe-based structures: (a) InSe layers on
sapphire; (b) InSe/InSe homojunctions on sapphire; and (c)
hBN/InSe/graphene FET heterostructures on a SiO2/Si
substrate. The three diﬀerent structures enable us to examine
the interface between (a) a vdW InSe layer and its supporting
substrate; (b) two vdW InSe layers; and (c) diﬀerent vdW
layers.
The picosecond ultrasonic measurements and imaging are
carried out on a picosecond acoustic microscope in reﬂection
geometry, as shown schematically in Figure 1a. The two lasers
are used as pump and probe, respectively, to generate and
detect coherent phonons in the vdW layers. The detection of
the elastic vibrations in the layer is governed by both the
Figure 1. (a) Schematic of the experimental setup for picosecond
ultrasonic imaging. (b) Optical image of an InSe ﬂake on a
sapphire substrate. The dotted square is the area imaged by
picosecond ultrasonics, and the circle marks one of the InSe
“bubbles” with no elastic contact to the substrate. Below is shown
schematically broken and perfect interfaces. (c) Temporal
evolutions (insets) and their fast Fourier transforms measured at
three diﬀerent positions with coordinates in micrometers marked
in brackets. Black and red dotted lines show the calculated
frequencies of the resonances for perfect and broken interfaces,
respectively. The lowest red spectrum corresponds to a bubble or
broken interface; the middle black spectrum corresponds to a
perfect interface; the top blue spectrum corresponds to positions
where both broken and perfect interfaces coexist. (d, e) Spectral
density images at frequencies of 20 and 27−28 GHz corresponding
to the phonon resonances for broken (d) and perfect (e)
interfaces. The areas marked by dashed squares and ovals indicate
homogeneous regions of broken and perfect interfaces, respec-
tively. White areas correspond to the spectral density values below
the noise level.
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displacement of the layer surfaces and the photoelastic eﬀect.
To map spatially the elastic coupling between a vdW layer or
heterostructure and its supporting substrate, we examine the
frequency f n and/or spectral density An of the acoustic phonon
resonances generated in the layers. These depend on the elastic
properties of the layers and can vary in the layer plane. Finally,
the color maps shown below are obtained from a nearest-
neighbor interpolation of data to avoid pixilation (due to
discrete steps in their acquisition) and facilitate the
identiﬁcation of speciﬁc features.
Figure 1b shows the optical image of an InSe layer on a
sapphire substrate and the speciﬁc area (10 × 10 μm2) scanned
by the pump/probe beams with 1 μm steps along both x- and
y-directions. The temporal probe signals measured at three
positions and their fast Fourier transforms (FFT) are shown in
the insets and main panel of Figure 1c. The three spectra in
Figure 1c illustrate diﬀerent cases of elastic coupling at the
InSe/sapphire interface. The lowest spectrum shows three
narrow lines whose frequencies agree with those of a free-
standing InSe layer, as calculated from fn
sn
a2
= , where s =
2500 m/s is the sound velocity for longitudinal phonons in
InSe along the direction perpendicular to the layer plane,48 a is
the thickness of the layer, and n = 1, 2, ..., is the order of the
harmonic resonance. The measured frequencies are repro-
duced with a = 63 nm, close to the average value measured by
AFM (a = 58 nm). The middle black spectrum in Figure 1(c)
has a much lower intensity, with resonance frequencies that
agree well with those calculated using fn
s n
a
(2 1)
4
= − for an
elastically perfect interface. In this case, phonons tend to
propagate into the substrate, leading to a faster decay of the
oscillations and broader spectral lines than for the case of a
broken interface/free-standing layer. Finally, the upper
spectrum in Figure 1c corresponds to the mixed case of elastic
coupling with perfect and broken interfaces within the probing
spot.
By measuring the phonon spectra at several positions, we
can construct 2D images of the spectral density at speciﬁc
frequencies. For example, Figure 1d and e show color maps of
the spectral density at frequencies f = 20 GHz (Figure 1d) and
27−28 GHz (Figure 1e), corresponding to the main spectral
lines for broken and perfect interfaces, respectively. Red and
white colors correspond to positions with maximum and
minimum spectral density, respectively. It can be seen that
there are extended areas of broken interfaces, as marked by
dashed squares (Figure 1d). These are surrounded by regions
corresponding to strong and intermediate elastic coupling.
The location of the broken interfaces correlates well with
that of InSe bubbles seen in the optical (Figure 1b) and AFM
(Figure 2a) images. The AFM image reveals a ﬂake with a
rough surface and three large bubbles, as also seen in the
optical image of Figure 1b. Each bubble has an irregular base
with an average radius r in the range 1.0 to 1.5 μm and height h
between 30 and 90 nm, corresponding to aspect ratios h/r =
0.04−0.09 and base angles α = 2−5°. The Raman spectra
acquired on and oﬀ the bubbles (Figure 2b) show distinctive
modes peaked at 42, 116, 179, 201, and 228 cm−1,
corresponding to the E, A1′, E′-TO/E″, A2″-LO, and A1′
vibrational modes of InSe, respectively. The intensity of all
Raman modes tends to be slightly enhanced at the location of
the bubbles [see Figure 2b and c], whereas their position does
not change, indicating negligible strain.49 As shown in Figure
1(c), these InSe bubbles behave as free-standing layers
generating long-lived phonons (decay time τ ≈ 500 ps,
corresponding to a quality factor Q ≈ 10 for f = 20 GHz) with
frequencies of up to 60 GHz and Q ≈ 30. We note that Raman
microscopy does not reveal these acoustic phonon resonances,
which would correspond to frequency shifts of less than 2
cm−1.
The results for an InSe/InSe homojunction on sapphire are
presented in Figure 3a. The picosecond ultrasonic spectra
show phonon resonances similar to those of individual InSe
layers. In this case, the structure has two interfaces: the
interface between the two InSe layers and the interface
between the bottom InSe layer and the sapphire substrate.
Figure 3a represents temporal signals and their FFTs for three
diﬀerent locations of the probe spot on the homojunction.
None of the peaks in the spectra correspond to independent
vibrations of one of the two InSe layers, as there is a perfect
elastic coupling between the layers. Thus, the vibration of the
two coupled layers generates a spectrum that corresponds to a
single layer with a total thickness a = 115 nm. This is only
slightly smaller than the sum of the base and top InSe layer
thicknesses, as measured by AFM (a = 70 + 50 = 120 nm).
As for the case of individual InSe ﬂakes, the coupling of the
homostructure to the substrate varies from broken to perfect.
Red and black vertical dashed lines in Figure 3a correspond to
selected coherent phonon resonances for broken and perfect
interfaces, respectively. From the comparison of the calculated
Figure 2. (a) AFM image of an InSe layer on a sapphire substrate
showing three InSe “bubbles” and corresponding z-proﬁles along
the lines shown in part (a). The base angle α is calculated from the
ratio between the height and width of the bubble. (b) Micro-
Raman spectra on and oﬀ bubble 2 shown in part (a) (λ = 532 nm,
P = 0.3 mW). (c) Raman intensity maps at 40 cm−1 E1g
1 and 114
cm−1 A1g
1 . The Raman maps are taken in the area imaged by AFM
in part (a).
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and measured resonance frequencies, we assign the lower and
middle spectra in Figure 3a to broken and perfect InSe/
sapphire interfaces, respectively. The spectra in other locations
include a larger number of lines, suggesting a mix of perfect
and broken interfaces in the area of the probe spot. The
assignment of the diﬀerent spectra to broken and perfect
interfaces is supported by images of the spectral density at
speciﬁc frequencies: maxima for the spectral density at f = 32
GHz (broken interface, Figure 3b) correspond to minima at f =
27 GHz (perfect interface, Figure 3c) and vice versa. We note
that similar images (not shown) are produced by mapping the
spectral density of other phonon resonances within the same
spectrum.
Finally, we examine the temporal pump−probe traces and
corresponding FFT spectra for a hBN/InSe/graphene stack on
a SiO2/Si substrate. Figure 4a and b show the optical image
and representative temporal pump−probe traces and spectra at
four diﬀerent positions of the heterostructure: oscillations with
a similar period (∼50 ps) are clearly seen in all traces, but their
decay time obtained from ﬁtting the measured signals by
decaying harmonic function varies from τ = 42 ps to τ = 86 ps.
The corresponding FFT spectra in Figure 4b reveal two
resonances at f = 18 GHz and f = 32 GHz. These values agree
well with those calculated from the elastic equations39 by
assuming a perfect elastic coupling at the hBN/InSe interface
(thickness 40 nm/40 nm) and a mixed interface between the
hBN/InSe and the graphene/SiO2/Si substrate. We note that
the graphene layer is not expected to have any signiﬁcant eﬀect
on the phonon spectrum because of its negligible thickness.
The measured resonance frequencies are almost independ-
ent of the position, but the intensity of the spectral lines varies
strongly from point to point. We assign the variation in the
intensity of the spectral lines and oscillation decay τ to the
non-homogenous coupling between the hBN/InSe hetero-
structure and the SiO2/Si substrate. To understand it, we
consider the two extreme cases of perfect and broken
interfaces. We note that the acoustic impedances of InSe and
SiO2 have similar values. Thus, acoustic reﬂection at the InSe/
SiO2 interface is negligible (see also the discussion section).
Then in the case of a perfect interface, no resonant oscillations
are expected due to the fast escape of phonons from InSe to
SiO2. As a result, the spectral density at the frequencies of
phonon resonances is close to zero. Alternatively, in the case of
a broken interface, resonant phonons are trapped in InSe,
elastic vibrations have a long lifetime, and the spectral density
at the resonant frequency increases.
Figure 4c shows a color map image of the spectral density at
f = 19 GHz. White color corresponds to the areas where the
spectral density is below the noise level and correspondingly
the interface is considered to be perfect. In contrast, broken
regions show a longer decay time. In this case, the
heterostructure behaves as a free-standing membrane with a
small Q-factor (<3), which is signiﬁcantly smaller than that
(>10) for InSe layers or heterostructures on sapphire.
Our data and analysis demonstrate that picosecond
ultrasonics can probe the high-frequency elastic coupling
between diﬀerent materials. In particular, whereas vdW layers
tend to couple elastically over a wide range of frequencies, their
coupling to a supporting substrate (e.g., sapphire or SiO2) can
vary signiﬁcantly in the layer plane. Quantitatively, the strength
Figure 3. (a) Temporal evolutions (insets) and their fast Fourier
transforms measured at three diﬀerent positions on an InSe/InSe
homojunction on a sapphire substrate. Position coordinates inside
brackets are in micrometers. The lowest red spectrum corresponds
to a broken interface; the middle black spectrum corresponds to a
perfect interface; the top blue spectrum corresponds to a position
where both broken and perfect interfaces coexist. Black and red
dotted lines show the calculated frequencies of the resonances for
perfect and broken interfaces, respectively. (b, c) Spectral density
images at frequencies of 32 and 27 GHz corresponding to the
phonon resonances for broken (b) and perfect (c) interfaces. The
areas marked by dashed squares and ovals indicate homogeneous
regions of broken and perfect interfaces, respectively. White areas
correspond to the spectral density values below the noise level.
Figure 4. (a) Optical image of an hBN/InSe/graphene hetero-
structure on a SiO2/Si substrate. The black square indicates the
area of the heterostructure imaged by picosecond ultrasonic in
parts (b) and (c). (b) Temporal traces of reﬂectivity (left) and fast
Fourier transforms (right) for diﬀerent positions of the
heterostructure. Coordinates in micrometers are indicated in
brackets. Dashed vertical line indicates the main peak centered at
18 GHz. (c) Spectral density images at frequencies of 18−20 GHz.
White areas correspond to the spectral density values below the
noise level.
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of this elastic coupling can be described by a stiﬀness η. The
stiﬀness η is deﬁned according to Hooke’s law and is used to
characterize the static elastic properties, i.e., the force between
two contacting layers. For high-frequency properties, the
impedances also become important. Thus, we introduce the
parameter G, which has the dimension of a frequency and is
directly related to η:39
G
Z Z
Z Z21,2
1 2
1 2
η
π
= +
(1)
where Z1 and Z2 are the acoustic impedances (Z = sρ where s is
sound velocity of longitudinal sound and ρ is the density) of
the contacting materials. The G1,2 parameter can be compared
with the frequency of the phonon resonances: the cases G1,2≫
f and G1,2 ≪ f correspond to perfect and broken interfaces,
respectively.39
For individual InSe ﬂakes or heterostructures on sapphire
(Figures 1 and 3) there is a signiﬁcant diﬀerence in the
acoustic impedances of InSe and sapphire, i.e., Zsapphire ≈ 4ZInSe.
Thus, the frequency of the phonon resonances is strongly
dependent on the elastic coupling and reproduced by
fn
s n
a
(2 1)
4
= − for G1,2 ≫ f n (perfect interface with η ≫ 1018
N/m3) and fn
sn
a2
= for G1,2 ≪ f n (broken interface with η ≪
1018 N/m3) where n = 1, 2, ..., is the order of the harmonic
resonance. The FFT spectra and images in Figure 1 show
distinct regions with perfect and broken interfaces and regions
where both types of resonances and interfaces coexist. Thus, η
spans a wide range of values if compared with the values of η
for atomically ﬂat vdW layers (η ≈ 1019−1020 N/m3).39,50 Due
to the strong dependence of the vdW potential energy on
distance, small variations in the surface topography can result
in the change of η and G1,2 by orders of magnitude. This can be
clearly seen for the case in which the InSe layers form bubbles
at the interface with the substrate (Figures 1 and 2). The
location of the bubbles in AFM correlate closely with the
location of the broken interfaces revealed by picosecond
ultrasonics. Also, from the comparison of the ultrasonic image
in Figure 1d with the AFM image in Figure 2a it can be seen
that picosecond ultrasonics reveals areas with broken interfaces
that are either larger than those shown in the AFM images or
that cannot be seen in AFM, indicating a high sensitivity of
picosecond acoustics to the elastic coupling of the InSe vdW
layer or heterostructure to the sapphire substrate.
In contrast to the case of vdW layers on sapphire, for the
hBN/InSe/graphene heterostructure on the SiO2/Si substrate
the diﬀerence in acoustic impedances is small (ZSiO2 ≈ ZInSe).
In this case, for a perfect interface of the layer with the
substrate, i.e., G1,2 ≫ f n, no phonon resonances can be
generated, as shown in the lower spectrum of Figure 4b. Also,
if the interface is broken or mixed, the phonon frequencies
depend only weakly on η. However, the decay time of the
oscillations, τ (i.e., the lifetime of the resonances), can be
inﬂuenced by the elastic coupling, if the transmission of the
energy from the ﬁlm to the substrate is the dominant
mechanism of the vibration attenuation. Thus, to estimate η,
we use the relation between G1,2 and the phonon reﬂectivity R
at the interface between two materials:39
G f
R
R R
1
n1,2
2
2
0
2=
− | |
| | − (2)
where R0 is the phonon reﬂectivity for a perfect interface, as
calculated from the acoustic mismatch theory. The phonon
reﬂectivity R is related to the decay time τ. For a single layer
weakly coupled with the substrate we have (eq 16 in ref 39)
a
s R f R
2
ln
1
ln1
τ = −
| |
= −
| | (3)
where f1 is the frequency of the fundamental phonon
resonance. Equation 3 takes into account that the acoustic
wave loses energy in each reﬂection at the layer/substrate
interface, i.e., at regular time intervals Δt = 2a/s, corresponding
to its arrival at the layer/substrate interface. If a and s are
replaced by the total thickness of the heterostructure and
characteristic sound velocity, respectively, eq 3 may be used for
the hBN/InSe heterostructure. We use eqs 2 and 3 to estimate
the value of G1,2 from the measured values of τ (42−86 ps) and
by setting f1 = s/2a ≈ 20 GHz. Thus, we ﬁnd that G1,2 varies
from 15 to ∼100 GHz, corresponding to values of η from 1018
N/m3 to ∼1019 N/m3.
Equations 1−3 are directly related to the quality factor
Q = τf of the phonon resonances. If τ is governed mainly by the
frequency-independent phonon escape to the substrate or
scattering, then Q should increase with the increase of the
resonance order n and corresponding value of f. Indeed, this
case applies to the samples studied in this work. For instance
for a single InSe layer (see Figure 1 c) the widths of the
resonances at f = 20 GHz (n = 1), 40 GHz (n = 2), and 60
GHz (n = 3) have similar values Δf = 2.3−2.5 GHz, resulting
in Q increasing with n from Q ≈ 10 (n = 1) to Q ≈ 30 (n = 3).
We also observe that Q decreases with the increase of elastic
coupling at the interface with the substrate (e.g., compare the
middle black and the lowest red lines in Figure 1c).
CONCLUSIONS
In summary, our studies on diﬀerent samples show that areas
of vdW layers mapped by picosecond ultrasonics possess an
inhomogeneous elastic coupling at the interface with a
sapphire or SiO2/Si substrate. In contrast, the coupling
between the vdW layers can be considered as perfect for
frequencies of up to several tens of GHz. The frequency, line
width, and intensity of the phonons generated in the vdW
layers are sensitive to the elastic properties of the layers and
their elastic coupling to each other and the substrate.
The success of picosecond ultrasonic imaging in the study of
vdW layers and interfaces is extremely important for
identifying and sampling areas for speciﬁc studies and
applications. For instance, miniaturized components for
electronics and optoelectronics should possess a good elastic
contact with the substrate, thus preventing overheating.
Furthermore, transport of phonons across an interface aﬀects
the out-of-plane heat transfer and hence the thermal
conductivity of a heterostructure, which is essential to tailor
properties of thin layers for thermoelectrics and/or thermal
insulation with thin coatings. The mechanical stability of the
vdW heterostructures is also critical to future applications. As
shown in our studies, exfoliation and dry transfer of vdW layers
on speciﬁc substrates enable the fabrication of structures with
homogeneous elastic properties over areas of ∼10 μm2.
However, some of these regions behave as free-standing
membranes. Thus, picosecond acoustics imaging could enable
a nondestructive assessment of vdW layers and heterostruc-
tures for several important applications. The demonstrated
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approach could also be applied to other thin ﬁlms and
heterostructures that absorb light.
While breakthroughs on 2D materials and heterostructures
have been achieved using thin ﬁlms mechanically exfoliated
from bulk crystals, the controlled formation of interfaces is still
in its infancy. The fabrication of functional systems requires
the assembly of disparate materials with precise control of
interfacial properties. This will require the development of
innovative approaches for making and imaging multilayered
structures for speciﬁc applications. Picosecond ultrasonics
imaging, together with the fast acquisition rate oﬀered by the
ASOPS technique,51 oﬀers opportunities to map and inform
the design of prospective functional systems enabling
interesting avenues in science and its translation into
technologies.
METHODS
The γ-polytype InSe crystal is grown using the Bridgman method
from a polycrystalline melt of In1.03Se0.97. The crystal structure is
probed by X-ray diﬀraction using a DRON-3 X-ray diﬀractometer
with monochromatic Cu Kα radiation of wavelength λ = 1.5418 Å.
The InSe ﬂakes are ﬁrst mechanically exfoliated from a Bridgman-
grown bulk crystal of γ-InSe onto a polydimethylsiloxane (PDMS)
ﬁlm. The PDMS/InSe ﬁlm is then loaded onto a micromanipulator
and transferred onto a substrate or another vdW layer. Hence the
PDMS is mechanically peeled oﬀ. This process is repeated several
times using InSe, hBN, and graphene to create vdW heterostructures.
We obtain the topography of the ﬂakes by AFM and probe the
optical phonon modes of the layers by Raman confocal microscopy.
AFM images are acquired in the tapping mode under ambient
conditions using an Asylum Research MFP-3D. The experimental
setup for the Raman spectroscopy studies makes use of a doubled
Nd:YVO4 laser (λ = 532 nm), an x−y−z motorized stage, and an
optical confocal microscope system equipped with a 0.5 m long
monochromator with a 1200 g/mm grating. The laser beam is focused
to a diameter d ≈ 1 μm using 50× or 100× objectives. The Raman
experiments are performed at low excitation power (P ≤ 10−4 W) to
avoid excessive heating. The signal is detected by a Si-charge-coupled
device (CCD) camera. The Raman spectra of the InSe ﬂakes are
acquired with light polarized in the layer plane using a back scattering
geometry. We use a laser excitation energy of hv = 2.33 eV (λ = 532
nm) close to the energy of the interband optical transition (E1′ ≈ 2.4
eV) between the px‑y-like orbitals in the valence band and the s-like
conduction band states of bulk γ-InSe.
The picosecond ultrasonic single-spot measurements and imaging
are carried out on a picosecond acoustic microscope (JAX-M1,
NETA, France)52 in reﬂection geometry, as shown schematically in
Figure 1a. Two pulsed ﬁber lasers with pulse duration below 200 fs
and repetition rate of 42 MHz are synchronized for asynchronous
optical sampling.51 The two ﬁber lasers of wavelength λ = 517.4 and
534.2 nm are used as pump and probe, respectively, to generate and
detect coherent phonons in the vdW layers. The beams are incident
close to the normal of the vdW layer and have a diameter of
approximately 1.5 μm. For the imaging experiments, the sample is
mounted on a step motor X−Y positioning stage with precision
positioning of 0.16 μm.
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